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A set of studies was carried out to see whether it would be feasible to implement technologies to 
enhance evaporation ponds as a form of brine disposal at regional desalination plants. The 
technologies in question were Wind Assisted Intensified Vaporization (WAIV) and a Fluidized Bed 
Pellet Reactor complimenting a reverse osmosis system. Aided by the Water Corporation, the studies 
were conducted to see whether the technologies were feasible to introduce to three water treatment 
plant sites using evaporation ponds in Western Australia. The study was conducted by the 
combination of modelling with the advice from the Water Corporation and other water treatment 
companies. The studies revealed that the technologies were not feasible due to costs and the 
conditions at these sites. Therefore, further modelling was done to find in what circumstances these 
technologies would be feasible. Findings indicated that increasing brine flows, reducing costs or 
adhering to certain water qualities could create scenarios where these technologies would be feasible. 
The research project should provide valuable information for future construction or expansion of 
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With a drying climate and a growing population in Western Australia, both regional and metropolitan 
areas have become heavily reliant on groundwater and desalination sources with an ever-declining 
level of surface (rain) water stores in dams. Regional locations in WA depend on the treatment of 
groundwater to keep a year-round potable supply of water. The Water Corporation is the key water 
supplier in Western Australia and takes charge of constructing and running large number of water 
treatment plants.  These treatment plants are site specific due to every regional bore having its own 
characteristic contaminants and each plant servicing differing population sizes. Many of these bores 
have high levels of salts and require inland desalination to achieve drinking standard. Desalination is 
the process of removing these dissolved salts from water to reach a potable standard. In Western 
Australia is done by means of reverse osmosis (RO) or Electrodialysis Reversal (EDR). RO is a 
process by which raw feedwater is pushed through membranes by means of pressure in order to 
separate dissolved salts from the water. EDR on the other hand induces charges on to electrodes in 
order to drive the movement of contaminants, in the form of ions, through membranes by means of 
ion exchange (Van der Hoek et al. 1998). To achieve potable water a waste product must be produced. 
This waste product is a concentrated brine which (also known as reject) must be disposed. In some 
cases, this brine is not considered harmful to the environment and can be fed back in to the ground. In 
other cases, the brine it too concentrated or contains contaminants too harmful to release. In these 
instances, the Water Corporation turns to evaporation ponds in order to dispose of reject. 
Evaporation pond technology consists of directing brine in to large pools to be acted upon by solar 
power from the sun. Energy flux in to the system drives evaporation, which reduces water volume and 
leaves the salt behind. The beauty in this technology is its simplicity which is great for regional 
locations where resources and personnel are limited. However, there are negatives and limitations to 
this technology as a brine disposal method. Evaporation pond performance is heavily dependent on 
local climate and day to day weather. High temperature and low humidity provide favourable 
conditions. However, providing these conditions is beyond human control. Furthermore, natural 
evaporation is a relatively slow process and pond sizes must be large enough to accommodate a daily 
inflow of brine which fluctuates with demand. Not planning for the worst-case scenario, poor weather 
conditions and high brine inflow, can lead to pond overflow. Therefore, these structures require a 
great amount of land and liner to contain year-round brine influx which can be costly in terms of 
infrastructure. For these reasons, the Water Corporation is open to exploring alternative technologies 






Brine disposal is a field of its own and many ideas and technologies exist to reduce brine volume or 
even achieve ‘Zero Liquid Discharge’ which aims to ensure no liquid waste leaves a system (Heijman 
et al. 2009). However, not all technologies are appropriate for all scenarios. Therefore, with the aid of 
the Water Corporation a set of feasibility studies have been conducted on new brine disposal 
technologies being introduced to regional desalination plants in Western Australia in order to enhance 
current practices. After much research of possible technologies and deliberation two separate 
technologies were selected to be explored. These were Wind Assisted Intensified Vaporization 
(WAIV) and a Fluidized Bed Pellet Reactor feeding an additional Reverse Osmosis System (FBPR-
RO). The study aimed to reveal potential benefits that these technologies will bring with 
implementation. These included but were not limited to cost savings, less land use, a faster process 
rate and an increased recovery of potable water. The goal being to see whether these technologies 
would be worth taking to trial and could potentially play a role a regional desalination plants in the 
future. 
Carrying out the project at the Water Corporation would mean having access to regional desalination 
plant information, real data, tools and Water Corporation employees. The general approach was to 
generate a set of models and equations based on a theoretical understanding of each technology that 
could take information such as WA water qualities, WA brine flows and climate to data to produce 
projections of potential performance. Performance indicators could include brine volume reduction, 
pond size reduction and increased potable recovery. This information could then be taken to Water 
Corporation cost estimators to generate project costs. Two cases would be generated for comparison. 
The original large evaporation pond versus the technology feeding a smaller evaporation pond 
because of the reduction in brine. The analysis of all these results to lead to conclusions on whether 
introduction was feasible. 
The final part of the study would be to generate a model that could use all the gathered data and 
theoretical understanding to determine circumstances where the technology would be a more 
favourable than evaporation ponds. Water Corporation employees could then use this study as a base 






1.3 Site Selection 
 
 
The approach taken to test technologies for regional WA locations/plants was to simulate the 
technologies at actual WA locations plants. The Water Corporation currently has many active regional 
desalination plants as shown in Table 1.1. Most of these plants produce brine safe enough for disposal 
through infiltration ponds that feed the waste back in to the ground. Two locations however, have 




Both locations utilize Electrodialysis Reversal (EDR) over Brackish Water Reverse Osmosis (BWRO) 
to treat groundwater. This is a consequence of their water qualities possessing high fouling water 
characteristics which is impractical with RO membranes. EDR on the other hand has the ability to 
operate with supersaturated feed streams (Allison 1993). 
Notably, desalination plants are not the only regional treatment plants using evaporation ponds to 
dispose of waste by-products. Locations such as Laverton currently use ferric chloride addition along 
with a filter process to treat groundwater for high arsenic levels. This treatment process produces 
large amounts of ferric backwash which is low in TDS but high in iron concentration limiting its 
disposal method to evaporation ponds. It may be beneficial to also simulate alternative brine disposal 
technologies with these waters.  
Water qualities and daily brine production values of all sites were collected from the Water 
Corporation data base prior to the commencement of the two feasibility studies in this paper and so 
this step is not included in the methodology sections. Values for water quality concentrations and 
daily brine production rates for each site are shown in Tables 1.2, 1.3, 1.4 and 1.5 below. 





GAR  Leonora  BWRO  Potable  Well  Mine Dust Suppression  800 
GSR  Hopetoun  BWRO  Potable  Well  Infiltration Pond  600 
MWR  Coral Bay  BWRO  Potable  Well  Infiltration Pond  1200 
MWR  Denham  BWRO  Potable  Well  Infiltration Pond  850 
MWR  Denham  BWRO  Potable  Well  Infiltration Pond  850 
MWR  Gascoyne Junct  BWRO  Potable  Well  Infiltration Pond  1150 
MWR  Wiluna  EDR  Potable  Well  Brine Evap Ponds  1100 














January  15.9  43.4  11.2 
February   16.2  34.4  10.4 
March  14.4  42.2  12.6 
April  14.7  34.7  4.2 
May  16.2  32.4  8.3 
June  13.7  34.0  6.8 
July  14.4  32.1  4.4 
August  10.0  27.2  5.4 
September  16.5  27.3  5.7 
October  18.2  28.5  9.7 
November  21.1  35.8  10.0 
December  24.0  43.3  11.4 
Average 




































































































































Chapter 2: Wind Assisted Intensified 
Vaporization 
 
2.1 Introduction  
Wind Assisted Intensified Vaporization (WAIV) uses the evaporative power of wind and sun to drive 
an evaporation rate higher than that of evaporation ponds. It has the potential to cause a great 
reduction in evaporation pond sizes and seen to be a cost-effective alternative to large evaporation 
ponds. Whether it was feasible to implement involved finding the factors that affect WAIV 
performance. These factors will be discovered by carrying out a literature review. Once these factors 
are discovered a set of models was created to relate these factors to the theoretical WAIV 
performance at each of the selected sites. Cost estimations were carried out by Water Corporation 
estimators to allow the understanding of the costs involved of WAIV implementation. Using gathered 
WAIV performance data and associated costs, a feasibility model was constructed to find theoretical 
scenarios for which WAIV would be feasible. These scenarios had their own characteristics and 
circumstances that had the possibility of aligning with future regional desalination plant locations or 
plant expansions. 
 
2.2 Literature Review 
Determining the feasibility of WAIV requires understanding the process and finding limitations on the 
technology or lessons from past studies. This was done through the following section. 
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2.2.1 How it Works 
Evaporation ponds and WAIV technology both run on natural energy. Evaporation ponds mainly use 
the suns energy while WAIV harnesses wind in a way achieve higher evaporation rates – (Hoque et al 
2010). The WAIV mechanism is comprised of three essential components. The dripper pipes, the 
curtains and the sump. Inflow to the WAIV unit is sourced from the waste outflow of a treatment 
plant and this waste stream may be produced either continuously or as a batch process. The 
technology is driven by three natural factors – temperature, humidity and wind.  Feed water flows up 
in to the dripper pipes by means of a pump where it can be slowly dripped or sprayed on to the 
underlying vertical curtains. As this water flows down the curtain, wind blows through the unit and 
creates a high evaporation rate (Leachate Management Specialists 2017). This can be enhanced by 
high temperature and low humidity.  Any excess water (and now more concentrated) trickles down in 
to the sump beneath. From here the water is recirculated back in to the system and the same process 










2.2.2 Past Trials/Applications 
A WAIV trial was conducted in Roma, Queensland by Santos GLNG in 2012 with a 152 m2 base area 
sized pilot WAIV unit. The system was capable recirculating brine at a rate greater than 12 m3/hr. 
Findings showed that the WAIV unit evaporation performance was always at least 10 times better 
than a similar sized evaporation pond throughout the year. Furthermore, this evaporation can occur at 
any time of day given there is wind and the presence unsaturated air. The trial was conducted under 
two operational modes, a single pass mode and a recycling mode. The change from one to the other 
found no significant change in evaporation performance (Murray 2014). 
In 2014, a pilot trial of the WAIV technology was conducted at the Wanneroo Groundwater 
Treatment Plant. The inflow to the WAIV unit was permeate from a VSEP (Vibratory Shear 
Enhanced Processing) system. The system was run in a batch-like fashion where the sump was 
refilled when levels reached 20% of full (Leong 2016). Limitations were found for the evaporative 
performance of WAIV when the water in the bund became highly concentrated. Direct monitoring of 
bund conductivity found that when conductivity reached a certain point that the evaporative 
performance of the WAIV unit dropped dramatically, demonstrated in Table 2.1. 
Table 2.1. Effect of increasing conductivity on evaporation performance 
Day  Evaporation (m3)  Conductivity (Start) (mS/m)  Conductivity (End) (mS/m)  % Change in Evaporation 
1  0.38  9418  10,413  NA 
2  0.37  10,413  12,136  ‐1.22 
3  0.2  12,136  17,496  ‐45.76 
4  0.11  17,496     ‐71.7 
 
 On closer inspection it was found that the result of this was due to a build-up of scale in the pipe 
network that had formed once the bund water had become more concentrated which caused salts to 
precipitate. The biggest issue was increased pressure requirement of the system to allow water to 
move vertically upwards towards the dripper pipes. As a result, the original pneumatic diaphragm 
pump required an upgrade to an electrical pump. Once the pump was replaced, the WAIV unit was 
able to run at an evaporative performance of 300 – 400 litres per day. To better appreciate this versus 
the performance of an evaporation pond, these data were compared to data collected for evaporation 
ponds in Wiluna. Even though Wiluna provides climatic conditions much better suited for 
evaporation, it was found that the WAIV technology in Wanneroo was 11.6 times more land effective 




2.2.3 Factors Effecting WAIV Performance  
 
 2.2.3.1 Climate 
 
As the whole WAIV evaporation potential is dependent on wind, temperature and humidity. It is 
important that the selected sites deliver a favourable climate. In other words, a hot and windy climate 
will increase the evaporative capacity of the WAIV unit (Murray 2014). Good WAIV evaporation 
performances in Roma and Wanneroo indicates that both locations have favourable climatic 
conditions. Furthermore, both sites demonstrated to have evaporation performance far greater than a 
similar sized (land-use) evaporation pond. Climatic conditions for both were available from the 




































d (Airport)  14.5  15.4  57  34 




Metro)  12  16.1  63  47 




 2.2.3.2 Scaling 
Scaling potential of water entering a WAIV unit plays a large role in determining how much water 
can be evaporated or how much brine volume can be reduced. Every brine water quality has a 
saturation point where salts will become too concentrated and will start precipitating out of solution. 
Once they fall out of the solution, they can form within the WAIV unit. This has the potential to block 
the WAIV unit and inhibit its productivity.  
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For salts in solution this occurs when the concentration of a dissolved salt in solution overcomes a 
concentration tipping point where it will start to precipitate. This tipping point is characterized by a 
solubility constant (Ksp) found in every salt. In a solution a salt has an ion product (Q) which is a 
product of the anion and the cation in mol/L that make up the salt. If Q is larger than Ksp in a 
solution, then the salt will precipitate until Q = Ksp (Harned and Raymond 1943). Scaling is a major 
issue for reverse osmosis membranes as water qualities can contain highly insoluble salts such as 
BaSO4 and CaCO3. Therefore, even small concentrations of the ions can form these problem scales. 
Due to this issue, reverse osmosis systems usually involve a pre-treatment stage where antiscalants are 
added to the water to reduce scaling issues. 
 Antiscalants are chemicals that can push back the point in which a salt can precipitate to a certain 
concentration and allow for the water treatment of supersaturated streams (Amjad 1985). They do so 
by invading and interfering with the crystal structures of salts making it difficult for crystal formation. 
This crystal formation inhabitation, however, has its limits and so dosage and applicability to potential 
scales are always investigated prior to application. Pushing past this point will cause dramatic 
precipitate formation and experience a precipitation tipping point more severe than before. 
Antiscalants can vary in strength and are situation specific in that they are aimed at certain problem 
scales.  
Salt species are not the only water quality species that antiscalants target as they also work to interfere 
with the crystal formation of silica scale. Silica scale is arguably the largest problem scale due to the 
inability to remove it from membranes once it has formed (Neofositou and Kostantinos 2004). 
Furthermore, silica scale can be difficult to control since it relies on more than just concentration. The 
pH, temperature and total alkalinity of water can affect the disassociation of silica species (as 
variations of silica ions exist) and whether these dissociated species are at concentrations that could 
potentially precipitate. 
 
2.2.3.3 Summary and Implications 
Due to scaling being an issue with this technology the study explored a WAIV unit operating through 
a batch process. By doing so the unit would be fed with brine from a water treatment plant 
periodically and only run so that the evaporation (and concentration) occurs up until a point that scale 
does not occur. This would mean the WAIV unit would run at its highest productivity and have a long 
life. Then once this point was reached the newly concentrated brine would feed in to a smaller 






WAIV technology achieves higher evaporation compared to evaporation ponds when put under the 
right climatic conditions. It will be necessary to find a quantifiable value for potential WAIV 
evaporation at each site under evaluation. WAIV performance is inhibited by scaling which is a direct 
result of the water quality fed in to the system. The concentration threshold prior to the precipitation 
of various salts will determine the potential reduction in brine volumes. Each site water quality has a 
number of folds the volume can be reduced. In this paper this is phrased as concentration capacity and 
it is critical to find the characteristic value of it for each site. This concentration capacity will be a 
result of salt scale behaviour, silica scale behaviour and antiscalant addition.  
As a result, WAIV performance will be a consequence of two important aspects. WAIV evaporation 
capacity and brine concentration capacity at each site. The combination of these two factors should 
lead to accurate sizing of WAIV units and evaporation ponds which can then be costed and lead to a 




To determine the feasibility of each location, a predicted value of brine reduction must be calculated 
for each location from WAIV use on site. This brine reduction value is a direct consequence of how 
much scale a WAIV unit can tolerate and still run effectively. As a result, there will be a maximum 
WAIV unit size for each site. From this pond sizes with and without an WAIV may be calculated and 
further used to estimate the costs of implementation. Finally, all this gathered data can be used to 
determine location conditions in which this technology will be most feasible. The way all these steps 




2.3.1 WAIV Performance 
The first step in determining feasibility of WAIV was to determine the actual WAIV evaporative 
performance that could be achieved at each site location regardless of scale inhibition.   
 
2.3.1.1 WAIV Evaporation Capacity 
 
A) Climatic data  
Climate conditions of Wiluna, Yalgoo and Laverton were placed against that of Wanneroo, Western 
Australia and Roma, Queensland. A comparison of the climate conditions of all five sites (available 
from the Bureau of Meteorology) would give a first impression as to whether good WAIV 
performance could be similarly experienced in Wiluna, Yalgoo and Laverton. 
B) Site WAIV Evaporative Potential   
Quantifiable evaporation potential data of WAIV performance came from consultation with IXOM. 
IXOM is a water treatment and chemical distribution company that have exclusive rights to WAIV 
technology in Australia. Their source is Lesico Cleantech who are the main developers of the 
technology in Israel. Using a model of their own they use climatic data from the Bureau of 
Meteorology and estimate the daily evaporation a WAIV unit will be able to achieve in each location. 
The daily evaporation they calculate is for a standard WAIV unit. This WAIV unit is made up of 10 
modules and equates to 152 m2 in area size.  
 
2.3.1.2 Brine Concentration Capacity  
(Note: [X] denotes concentration) 
A) Salt Concentration Capacity   
By assessing the water qualities of each location, it is possible to use contaminant concentrations to 
calculate a theoretical precipitation masses using solubility constants (Ksp’s) and ion products (Q’s).  
The steps used to calculate these numbers were: 
1) Analyse what salt species are present to determine possible salt formation 
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2) Calculate solubility products (Ksp) of each possible salt from published solubilities 
(g/100mL) 
3) Calculate ion products (Q) for each salt from water quality.   
4) Compare Ksp’s and Q’s – if Ksp/Q < 1 then salt will precipitate as the water can not continue 
to keep its entirety dissolved in solution.   
5) For each precipitating salt calculate how much (mol/L) will react before Ksp = Q and 
precipitation will no longer occur. This began with the most insoluble salt (lowest Ksp value) 
followed by the second most insoluble and so forth. This is necessary as two salts depend on 
the concentration of ion contaminant. Eg. BaSO4 and CaSO4 formation rely on [SO42-]. 
Approximate values were calculated with a step process in which concentrations of both salt 
cations and anions were reduced slowly until Q became Ksp.  
6) This mole value can be returned to mg/L. Summing all the precipitated salts will indicate the 
total value of saturated salts (mg/L) 
An example calculation of barium sulphate formation in Wiluna is shown below. 
1) [Ba2+] = 0.85 mg/L = 6.19 x 10-6 mol/L, [SO42-] = 4242.5 mg/L = 0.044 mol/L 
2) Ksp of BaSO4 = 1.058 x 10-10 mol/L 
3) Q of BaSO4 = [Ba2+]x[SO42-] = 2.734 x 10-7 mol/L 
4) Ksp/Q = 3.951 x 10-4 (Value < 1 so precipitation will occur) 
5) Calculation was done using the principle that 1 mol of Ba will react with 1 mol of SO4 to 
produce 1 mol BaSO4. It was calculated that 5 x 10-7 mol of Ba will react with 5 x 10-7 SO4 
13 times before Ksp = Q. In other words, 13 x (5 x 10-7) or 6.5 x 106 moles of BaSO4 will 
form. 
6) [BaSO4 precipitate] = 6.5 x 10-6 mol/L = 1.517 mg/L. Totalling the precipitation formation of 
all salts will give an indication of precipitation formation.  
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The Wanneroo trial was used as a base to find a theoretical point at which precipitate levels in the 
WAIV system will hinder productivity.  This was done using the original brine conductivity and the 
conductivity where performance dropped. These values were taken from Table 2.1 and were taken as 
8,000 mS/m and 12,000 mS/m. An assumption was made that conductivity was a direct consequence 
of salt concentration. This assumption was used to calculate that the WAIV unit in the Wanneroo trial 
was able to run effectively until the ‘brine’ concentrated 1.5 times (12,000/8,000). This is the salt 
concentration capacity for Wanneroo.  
Multiplying the Wanneroo water qualities by the concentration capacity and replicating the 
calculation steps for all contaminants and possible scales in put in to excel created a model that would 
generate a theoretical precipitation value a WAIV unit can handle. 
 The model was then used to see how concentrated the brine water at each site can get before reaching 
the theoretical precipitation a WAIV unit can handle. This would be the salt concentration capacity. 
This method is demonstrated in Figure 2.3. 
Figure 2.3. Finding Concentration Capacities 
B) Silica Concentration Capacity 
A scaling calculator (IMS design) was used to determine saturation potential of silica at each site. 
This involved the input of silica concentration (mg/L), temperature (assumed to be 25 °C), pH and 
total alkalinity (as ppm of CaCO3). Then Equation 2.1 could be used to find the silica concentration 
capacity. 
            Silica Concentration Capacity  
  %
  2.1                                     
C) Antiscalant addition 
Possible increases in concentration capacity values as a consequence of antiscalant addition were 
discovered upon consultation with an antiscalant expert from Suez. Suez is a water and waste 
management company who work in the water treatment sector.  
D) Final Concentration Capacity 
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Combining all the factors together indicate the concentration capacity that would limit the WAIV 
performance. Concentration capacity would indicate the amount of brine potential volume reduction 
at each site when entered in to Equation 2.2. 
WAIV Concentrated Brine  
   
  
   2.2                                                         
 
2.3.2 Sizing the Options 
Concentration capacity and brine production values were used to most appropriately size two options. 
One option would take in to account the size of the most effective WAIV unit fed by daily brine 
production of each site water treatment plant and a smaller evaporation pond that would be fed with a 
reduced brine volume. This option represents a likely set up and dimensions if WAIV was to be 
introduced to site. The other option would size a large evaporation pond which would be fed directly 
by the brine production from each plant. This option represents current practices. Sizing both options 
is essential for cost estimation. 
 
2.3.2.1 WAIV Unit Sizing  
 
Combining potential WAIV performance for each site with concentration capacity and site brine 
production gave the predicted WAIV performance at each site. A whole WAIV unit (from IXOM) 
consisted of 10 modules and so WAIV unit size had to be adjusted to fit the actual performance at 
each site. The size of the WAIV unit at each site was found by working from Equation 2.3 to 2.6. 
  
     
 
   WAIV evaporation per module  2.3   
 
WAIV Performance at each site  
 Site brine production rate   –  WAIV Concentrated Brine    2.4    
 
Number of modules needed  
    
    
   2.5     
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Then round up to the nearest module. 
Each module has the dimensions 4 m (length) x 3.8 m (width) x 4 m (height) 
Base area size of one module = length x width = 15.2 m2 
WAIV unit base size m2  Base area of one module m2 ∗  Number of modules  2.6     
  
2.3.2.2 Evaporation Pond Sizing 
Evaporation pond sizing of the two options were designed to be able to evaporate either the whole 
daily brine production rate or the remaining volume after passing through the WAIV unit.  To 
calculate the required pond surface area many factors needed to be taken in to account: 
- Mean monthly rainfall (mm) 
- Pan monthly evaporation rate year-round (mm) 
- Lake factor (0.7) – (Luke et al. 1987) 
- Salt factor (0.7) – (Luke et al. 1987) 
- Site Brine Production Rate (m3/day) 
- WAIV Brine Production rate (m3/day) 
Data was able to be sourced from the Bureau of Meteorology. (Note: Climate data was not available 
for Yalgoo and Laverton but data for the nearest regional location was used.) 
Net Monthly Pond Evaporation mm   Lake Factor ∗ Salt Factor ∗
Pan monthly evaporation rate mm  –  Mean monthly rainfall mm     2.7     
 
Daily net pond Evaporation for each month mm  
   
  
  (2.8)   
 
Annual mean net daily evaporation rate 
        
    
   2.9           
26 
 
Pond Size WITHOUT WAIV m2  
Daily Brine Production rate 
m3
day
Annual Mean Net Daily Evaporation Rate mday
   2.10    
 
Pond Size WITH WAIV m2  
      
      
    (2.11) 
The next part of the process was round the pond sizes up to sizes that would accommodate year-round 
rainfall fluctuation and would not lead to any pond overflow. Relevant data was available from the 
Bureau of Meteorology and took in to account: 
- Water Corporation pond design depth (1.2 m) 
- 6-year water height forecast (year to year cumulation) 
- 90th percentile rainfall wet season (mm) 
- Freeboard for 20-year storm (0.5 m) 
 
From knowing large pond sizes and small pond sizes a pond reduction value was calculated for each 
site: 
Pond Reduction m2  Large Pond Reduction m2 –  Small Pond Reduction m2   2.12      
Percent reduction was also calculated for better comparison as it made the value irrelevant of brine 
production rate. 
% Pond Size reduction  
  
   
∗ 100  2.13       
 
2.3.3 Cost Estimation 
Costs were made for the two options. The original large evaporation pond cost and the cost of the 
WAIV unit and its small evaporation pond. All WAIV and evaporation pond sizes were given to cost 
estimators at the Water Corporation. It was important that costs took in to account other items that 
would come with implementation.  
Cost for evaporation ponds were based on: 
- Earthworks (excavation etc.) 
- Liner (HDPE liner and protection) 
- Siteworks (Roads and Fences etc.) 
- Pipe work (Plant to pond) 
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Cost for WAIV were based on: 
- WAIV unit cost (frame, pump, curtains etc.) 
- Instrumentation and SCADA (flow rate transmitters etc.) 
- Electrical Installation (Power box) 
- Additional pipework (Plant to WAIV and from WAIV to pond) 
- Concrete foundation 
- The bund (Earthworks and Liner) 
Rough budget costs for the WAIV unit came from IXOM. The standard budget cost for a single 
WAIV unit (10 modules) was $540,000 but budget costs also had to be sourced for smaller units (less 
than 10 modules). 
Once base costs were established for each option, they were turned in to a cost summary. Each cost 
summary took in to account base cost, preliminaries, location allowance and contingency. The rates at 





Wiluna   35%   65%   20%   Cost Summary 
= 2.592 x Base 
Cost 
Laverton  35%  65%  20%  Cost Summary 
= 2.592 x Base 
Cost 




(Note: Constant in relationship is a product of preliminaries, location allowance and contingency. For 
example, in Wiluna 1.35*1.65*1.2 = 2.592) 
 
2.3.4 Feasible Site Model  
All the data thus far was used to gather the feasibility of WAIV in these actual site locations. Further 
work was done to find a theoretical location with the most favourable site characteristics. A model 
was created within excel to explore a feasibility point or where the performance of WAIV would be 
good enough so that the cost of the WAIV option would be less that than of a large evaporation pond.  
28 
 
Performance of WAIV is measured by the amount of site brine production volume that can be reduced 
which is a consequence of its evaporation capacity, the concentration capacity of the brine and the site 
brine production rate. WAIV performance will reduce evaporation pond size and cost. A point of 
feasibility will be reached once savings in pond reduction exceeds the cost of the WAIV unit. The 
model would have to incorporate all this information. 
To allow the model to be applicable across all WA locations it incorporated the climate data of all 
three locations (and the resulting WAIV evaporation potential and pond evaporation rate).  
The model had the input variables: 
- Site Brine Production Rate = (BPR) (m3/day) 
- Cost of 1 WAIV Unit (10 Modules) = WUC ($) 
- Concentration Capacity = CC 
And the output values: 
-  Large Pond Cost Summary = LCS ($) 
- WAIV and Small Pond Cost Summary = WCS = ($) 
- Number of WAIV Units = NWU  
 
2.3.4.1 Model Development 
The model was made using an excel spreadsheet. Along with inputs and outputs the model would also 
have to incorporate the following dependant variables: 
- WAIV Concentrated Brine Production Rate = WPR (m3/day) 
- WAIV and Small Pond Base Cost = WSBC ($) 
- Large Pond Base Cost = LBC ($) 
- Small Pond Base Cost = SBC ($) 
- WAIV Unit and Extras Base Cost = (WBC) ($) 
- Small Pond Size = (SPS) (m2) 
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- Large Pond Size = (LPS) (m2) 
- Evaporative potential of WAIV per module = EPW (m3/day) 
Linking all inputs, dependant variables and outputs with equations were done through the following 
steps: 
1) Preliminaries, location allowance and contingencies were taken for the worst scenario i.e. 
Wiluna and Laverton (35%, 65%, 20%). 
LCS = 2.592*LBC (Refer to Table 2.3) 
WCS = 2.592*WSBC 
2) Many pond sizes and their base cost values were known (came from the cost estimators). 
Therefore, a function of pond size and pond base cost was derived from Figure 2.4 below: 
LBC = LPS*58.3 + 60525 
SBC = SPS*58.3 + 60525 
 
Figure 2.4. Deriving function of pond size vs base cost 
3) WAIV unit extras came to a value of $95,869. The cost of the bund of a standard 152 m2 
WAIV unit came to $143,692. The cost of the concrete foundations of the standard unit came 
to $10,937. Therefore: 
WBC = NWU*WUC + NWU*$143,692 + NWU*$95869 + NWU*$10,937 
Or WBC = NWU*(WUC + $250,498) 
And so, 

















4) All pond sizes are a result of the brine production rates and the Net Annual Mean Daily 
Evaporation Rate. The average across all three sites was 0.000429 m/s. 
LPS = BPR/0.000429 
SPS = WPR/0.000429 
5) WAIV concentrated brine production rate was a consequence of concentration capacity.  
WPR = BPR/CC 
6) The number of WAIV units would be a result of potential WAIV evaporation potential per 
units. This would be an average of the WAIV evaporative potentials of all three sites 
(gathered from IXOM). 
NWU = (BPR – WPR)/Average Evaporation Potential (m3/day) 
 
2.3.4.2 Using the Model 
1) Scenarios simulated were done by using five different concentration capacities (1.5,2,3,4,5). 
These were entered first. 
2) Next brine flow was increased until NWU had the value of whole numbers (1, 2, 3, 4 etc.).  
This was due to IXOM quotes showed that the most value came from purchasing full sized 
units. 
3) Finally, WUC was adjusted until LCS = WCS. 
4) A new concentration capacity was tested when SPR exceeded 100 m3/day. A value higher 
than this seemed unrealistic of a regional water treatment plant. 
 
2.4 Results and Analysis 
Results from the WAIV feasibility study came in the form of a large amount of excel sheets which 




2.4.1 WAIV Performance  
Using climatic data sourced from the Bureau of Meteorology potential WAIV performance for each 
site location was discovered through both comparisons with past trial locations and consultation with 
WAIV manufactures. 
 
2.4.1.1 WAIV Evaporation Capacity  
Table 2.4 indicates than in almost all cases when comparing climatic factors of potential WAIV 

























Laverton  11.5  10.7  46  30  20.3  26.4  ? 
Laverton 
Aero   21.4  19  47  30 
19.9  25.8  ? 




Yalgoo  14.3  15.5  50  29  19.8  26.9  ? 
Roma, 
Queensland 




Metro)  12  16.1  63  47 
18.2  23.0  300‐400L/day 
 
Sending the above climatic conditions to IXOM produced the potential evaporative performances as 
shown in Table 2.5. These are given for a full sized WAIV unit (10 modules) with dimensions 20 m 












As expected from the good climate conditions indicated in Table 2.5 all locations had a good WAIV 
unit evaporation capacity.  The evaporation capacity exceeded the daily brine production rate at both 
Yalgoo and Laverton. As a result, the WAIV unit would have to be reduced in size to suit needs. 
Wiluna demonstrated the worst WAIV evaporation capacity while it has the highest daily site brine 
production. If Wiluna’s water quality permits a high brine reduction, then an option with more than 
one WAIV unit may need to be explored. 
  
2.4.1.2 Concentration Capacity  
 
A) Salt Concentration Capacity  






The critical precipitation formation value for WAIV performance is taken to be 60.88 mg/L. The 
number of times the water qualities of brine of Wiluna, Yalgoo and Laverton can be concentrated 


















B) Silica Scaling  















Even though Laverton showed a good capacity for salt concentration it is inhibited by the formation 
of silica scale. However, even the concentration capacity of 4.3 is significantly better than those 
capacities for silica concentration in Wiluna and Yalgoo. 
 
C) Antiscalant Addition 
After consultation with an antiscalant expert from GE it was revealed that an antiscalant is already in 
use in Yalgoo and Wiluna. The one in use is Hypersperse MDC220 targets CaCO3, CaSO4, BaSO4, 
CaSO4, SrSO4, CaF2 and somewhat inhibits silica. However, while this antiscalant is effective with 
water treatment at both desalination plants it would not be effective in further concentrating the brine. 
This is due to the current concentration of the problem scales being very close to the performance 
limit of the antiscalant. However, suggestions for the addition of further antiscalants were given and 




  CaSO4  BaSO4  SrSO4  CaF2  SiO2  CaPO4  CaCO3 (Expressed as CCPP) 
No 
Inhibitor  314.6  12461.8  75.7  939  86.6  76.3  0 (Limit 0) 
Inhibitor  74.9  108.4  2.2  0.1  86.6  44.5  2208.46 (Limit 1000) 
 
(Note: CCPP = Calcium Carbonate Precipitation Potential) 
Wiluna would be able to be concentrated 1.25 times if dosed at 45 ppm with MDC775/PDC9333 (an 






(Note: S&DI = Stiff and Davis Index) 
Yalgoo would be able to be concentrated 2 times upon the dosage of MSI410 (another antiscalant 
distributed by Suez) at 12ppm.  
The possibility of dosing Laverton’s backwash was also put forward but an antiscalant would not be 
able to work effectively due to the high Fe concentration present in these waters. Antiscalants handle 
up to a maximum of 1.0 mg/l in recirculating solution. 
The consultation with the Suez expert proved beneficial as both the concentration capacities in 
Wiluna and Yalgoo were increased. 
 
D) Final Concentration Capacities 






















The large presence of scaling salts in the water qualities of Wiluna has had a devastating effect on 
WAIV performance with only a small fraction of its large site brine production being able to be 
evaporated. Yalgoo can halve its current brine volumes but WAIV potential at this site is inhibited by 
the low brine production on site. Laverton can achieve a significant amount of WAIV evaporation due 
to a combination of its high concentration capacity and mid-level brine production. 
 
   Degrees of Saturation in Concentrate %    
Saturation  CaSO4  BaSO4  SrSO4  CaF2  SiO2  CaPO4  CaCO3 (Expressed as S&DI) 
No 
Inhibitor  67.4  3079.3  45.2  1416  134.4  0  0 (Limit 0) 




Sizes for WAIV units and ponds were calculated for both options at each site and used for cost 
estimation.  
 
2.4.2.1 WAIV Unit Sizing  
 
Amount of evaporation needed at each site fell well within the performance of a standard full-size unit 
all sites as shown in Table 2.12. As a result, the WAIV units needed only needed to be fraction of the 















Laverton  16.3  4.3  3.8  12.5  4 
Wiluna   34.6  1.25  27.7  6.9  3 
Yalgoo  8.3  2  4.2  4.2  2 
 
 





































all  16.3  3.8  4.01  942.32  1.2  1000  3500 
78% 
Wiluna
/Large  34.6  N/A  4.75  7281.61  1.3  8000  N/A 
0 
Wiluna
/Small  34.6  27.7  4.75  5828.53  1.3  6000  2000 
25% 
Yalgoo
/Large  8.3  N/A  4.10  2037.83  1.2  2500  N/A 
0 
Yalgoo





Table 2.13 shows that as expected Laverton experienced the largest pond reduction and reduction 
percentage due to its high concentration capacity. Yalgoo experienced a good reduction in terms of 
percentage, but its actual reduction was hindered by its small brine production rate. Wiluna 
experienced the lowest reduction percentage because of its poor concentration capacity.  
 
2.4.3 Cost Estimation 
Consultation with Water Corporation cost estimators returned a comprehensive cost sheet with the 




All cases of cost estimation resulted in the WAIV options being more expensive than the large 
evaporation pond. As a result, the introduction of WAIV to these sites would not be feasible under 
current circumstances.  
 
2.4.4 The Feasibility Model 
 
The model used produced several scenarios where the cost summary of a WAIV option would prove 
to be less than a large pond option. These are shown in table 2.14. 
 
 




































































Table 2.14 demonstrates that there are circumstances where WAIV will become the more feasible 
option in terms of cost. However, data shows that two things would need to happen. The first is that 
there must be a large reduction in the cost of WAIV units. The second is that there be a large site 
brine flow so that the reduction in pond size is significant enough to offset the WAIV costs. As 
expected an increase in concentration capacity means that site brine flow can be lower and WAIV 






Climatic conditions in WA are favourable for the use of WAIV technology as a form of brine disposal 
but their implementation at regional desalination (or other water treatment plants) is simply not 
feasible by cost. The low amounts of brine coming from these plants combined with the inability to 
concentrate brine and the high costs of these systems leads to the inability to compete with 
evaporation ponds. Scenarios may exist in the future where they are feasible, such as the design of a 
new large-scale regional desalination plant or the expansion of a current one. For example, if Yalgoo 
was to expand as a town and increase its demand it may be feasible. More specifically, if expansion 
caused for an increase of 58 m3 of brine per day and WAIV unit costs became $397,000 cheaper then 
technically WAIV is a more feasible option in terms of capital cost. However, context must also be 
taken in to consideration. The Water Corporation have been constructing and maintaining evaporation 
ponds for years and have never used a WAIV unit. Furthermore, in regional locations where resources 
are limited a simplistic technology is much more appealing. Land prices are at bare minimum also. 
Therefore, what is just as important as these critical points of feasibility that this study has uncovered 
is how far beyond this point does WAIV technology become more appealing. In other words, how 
much more than 58 m3 of brine per day does Yalgoo need to expand or how much cheaper than 
$143,000 do WAIV units need to be. Qualitatively, how many benefits must come with WAIV units 
and many issues must form with evaporation ponds before context is insignificant. Therefore, there is 











Chapter 3: Fluidized Bed Pellet Reactor to 
Reverse Osmosis System 
 
3.1 Introduction 
West Australian groundwater in regional areas can be high fouling which limits treatment options and 
recovery rates of potable water. Currently, Reverse Osmosis (RO) systems cannot be used in locations 
such as Wiluna and Yalgoo not necessarily due to high TDS, but because of the problem scale that 
would form and inhibit performance. For this reason, Electro-dialysis Reversal Systems (EDR) are 
used in these locations as they allow for operation even with supersaturated streams. The result is an 
unusable brine product with a high concentration of insoluble salts. The use of a Fluidized Bed Pellet 
Reactor (FBPR) could find more value in this brine as this system has the potential to remove problem 
scales. Fluidized bed pellet reactors have already achieved success in water softening applications, but 
the same technology could potentially be used to reduce brine volumes and reduce evaporation pond 
sizes at regional desalination plants in Western Australia. This chapter will explore the feasibility of 
introducing a Fluidized Bed Pellet Reactor complimenting a secondary Reverse Osmosis system 
(FBPR-RO) as a means of concentrating brine production rates with the side benefit of producing 
more permeate. The factors that would determine the exact amount of brine reduced were discovered 
through a literature review and then used to model a FBPR-RO system to simulate performance at the 
three selected sites. The performance would be measured through brine reduction and therefore pond 
size reduction. Cost estimators at the Water Corporation estimated two options for each site, a FBPR-
RO option with a small evaporation pond and a large evaporation pond absent of any enhancement 
technology. Finally, gathered data and theory were combined to determine potential cases where the 
technology would be feasible. 
 
3.2 Literature Review 
Determining the feasibility of FBPR-RO requires understanding the process and finding limitations on 




3.2.1 How it Works 
The whole process is largely dependent on salt precipitation and furthermore, the solubility of salts in 
post or pre-RO water. The process works to get the sparingly soluble salts to precipitate so that the 
osmotic pressure of the system only becomes a reflection of soluble salts in the system (International 
Desalination Association 2017). The sparingly soluble salts are those responsible for a loss of flux in 
the system because as they precipitate in conventional reverse osmosis methods, they increase the 
resistance to flow and can form problem scale and reduce membrane life. All sparingly soluble salts 
have a low solubility constant, and this will cause precipitate to form once a concentration threshold is 
reached. The appeal of the FBPR is the fact that it provides a site for this salt to form and be removed 
rather than form within the RO membranes. The system runs as a semi batch process and will cycle 
brine through the column chamber multiple times and move back and forth from the RO until only 







The formation can only occur at a high rate due to the fluidized state of pellets in the column ensured 
by upward water flow in a vertical column which dramatically increases surface area for heterogenous 
nucleation sites. The speed of this flow is dependent on pellet size and density. This fluidized state 
also regulates residence times as an increased weight of each pellet over time causes it to fall to the 
bottom of the reactor (van Houwelingen 2010). Then coated pellets are drained from the system 
through a tap located at the base of the column. New (or recharged) seed pellets are introduced to the 
system periodically and the cycle continues.  The pellets themselves are normally cheap inert 
substances that bring more benefits to the system as result of their physical properties rather chemical. 
The addition of lime in to the column also occurs as this allows the precipitation of salts that rely on 









3.2.2 Past Trials/Applications 
The Neerabup Groundwater Treatment Plant in Perth, Australia has an FBPR system to reduce 
hardness and TDS in groundwater. With the addition of lime to trigger precipitation in the FBPR and 
a subsequent filtration step, this system has been able to meet the water quality standards of Western 
Australia. In trialling seed material garnet sand was favoured in comparison to quartz in terms of 
particle size and cost (Howes and Moulds 1999). 
Work has also been done to explore the application of a FBPR to inland desalination through the 
Qasim project in Saudi Arabia. The project utilized the technology as a pre-treatment to the 
conventional RO process. A figure of 80% RO recovery was boosted to 90% due to the ability to 
remove calcium sulfate which was inhibiting the system prior – (van Houwelingen et al. 2010) A side 
benefit was a water loss of almost zero when compared to a conventional sludge softening system. 
Vapour compression was incorporated to seek a further 90% recovery from RO concentrate, but 
operating costs proved to not be feasible. Therefore, evaporation ponds are still an important part of 
the process. A second system was trialled which implemented the use of a secondary RO system. The 
idea being that the FBPR is only used after water has already passed through the primary RO system. 
The secondary RO was able to achieve a further recovery of 65%. Furthermore, with lime addition 
and the FBPR was able to generate 60% silica removal. 
 
3.2.3 Factors Effecting FBPR-RO Performance  
There are several factors at will ultimately determine much brine can be can be recovered and volume 
reduced which are discussed in the sections below.  
3.2.3.1 Amount of Sparingly Soluble Salts Removed 
Sparingly soluble salts are those that occur in water qualities but have a low solubility indicated by a 
very small solubility constant (Ksp). In other words, how close a salts ion product (Q) is to reaching 
its Ksp. Q values are characteristically very small as they are the concentration (mol/L) product of an 
anion and cation of a salt in solution. An FBPR-RO system works to remove those salts that have Ksp 
values small enough that Q values are able to exceed Ksp values or at least be near in value (Harned 
1943). An FBPR induces precipitation that would normally only occur once the brine is somewhat 
concentrated without actually increasing concentration. In other words where Q would need to exceed 
Ksp in order to cause precipitation, Q can be slightly less than Ksp and still have salt formation. 
Therefore, all those salts present with Q values larger or slightly less will represent the amount of salts 
that will be removed.  
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The amount of salts removed will also be influenced by the addition of lime. Lime softening occurs in 
conventional methods to remove hardness from water in the form of calcium carbonate and 
magnesium carbonate – (Leentvaar 1982). The resulting precipitate from the lime softening process is 
CaCO3 and Mg (OH)2. Therefore, as lime is added to the FBPR chamber then CaCO3 and Mg (OH)2 
precipitate will form on the pellets. Lime addition can also help with silica removal. Silica removal is 
also important as silica can from a harmful scale on RO membranes and lower productivity. Silica 
removal is achieved due the fact that when magnesium hydroxide forms and flocculates it captures 
dissolved silica. As a result, a partial concentration of silica will leave the system in the form of 
coated pellets.  
 
3.2.3.2 TDS and Osmotic Potential Reduction  
Apart from removing problem scaling salts from feed waters, a fluidized bed pellet reactor lowers the 
osmotic potential. This occurs since osmotic potential is dependent on the concentration of dissolved 
solutes in a solution. 
 
∏   MRT     3.1) 
 
Where M is the molar concentration of dissolved species (mol/L), R is the ideal gas constant (0.08206 
L atm mol-1 K-1) and T is temperature in Kelvin (Johnson et al. 2017). As shown in equation 3.1 the 
molar concentration of constituents in water qualities are directly proportional to osmotic pressure. 
This is the pressure that RO systems are designed to overcome. Therefore, lower osmotic pressure in 
the feed water means that less operating pressure is required to drive reverse osmosis and as a result 
less energy is used or more recovery can be gained.  
 
3.2.3.3 RO Selection and Recovery 
The amount of RO recovery will be a result of what RO system can be used. Each RO system has its 
own TDS parameters it can operate within. Furthermore, each RO system has its own typical 
recovery. The general trend is that RO systems that can tolerate a higher TDS feed stream have lower 
recovery rates (Harvey 2008). This is demonstrated in Table 3.1 below. The recovery rate the RO rate 
used will directly affect the volumes of brine produced. For example, a RO system with 70% recovery 











3.2.3.4 Summary and Implications 
 
The literature review indicated that there were four main factors that will indicate FBPR-RO 
performance. Therefore, to create values for brine reduction at each site a set of models and equations 
will be created that can:   
- Calculate the amount of sparingly soluble salt removal with lime addition 
- Calculate the amount of silica removal with lime addition 
- Calculate the reduction in osmotic pressure  
- Calculate the starting and final TDS  
- Determine the RO system to be used at each site and potential recovery 
- Determine the brine production reduction rate 
- Determine pond sizes with and without FBPR-RO 
 
3.3 Methodology  
To determine the feasibility of each location, a predicted value of brine reduction must be calculated 
for each location from FBPR-RO use. From this pond sizes with and without an FBPR-RO may be 
calculated and further used to estimate the costs of implementing these systems. Finally, all this 
gathered data can be used to determine location conditions in which this technology will be most 




3.3.1 FBPR-RO Performance 
 
The following steps were taken so that all the factors effecting FBPR-RO performance could be 
calculated simultaneously: 
A) Find CO3, HCO3 and CO2 concentrations in water quality. 
The concentrations of these constituents are dependent on pH and measured alkalinity (as ppm of 
CaCO3). 
The values for each site were inputted in to a RO design simulator (GE WinFlows) which gave the 
concentrations of each of these constituents. 
B) Find starting TDS 
Sum the concentrations of all the contaminants in a sites water quality in (mg/L). This will indicate 
starting TDS. 
C) Calculate starting osmotic pressure.  
To calculate osmotic pressure Equation 3.2 was used. It is a variation of the original osmotic pressure 
equation (3.1) that has been adapted for operational conditions for membrane manufactures – 
(Lenntech 2018). 
∏   1.12 273  T  ∗ ∑mj    3.2  
 
Where ∏= osmotic potential in psi, T = Temperature in C, ∑mj is the sum of molality of all 
constituents (mol/kg). 
Assuming the density of water to be 1kg/L then molality is equivalent to molarity (mol/L). To convert 
all constituents to concentrations in moles per litre by they were first converted to (g/L) and then 
divided by molar mass. For example 
Conc. Ba (g/L) = Conc. Ba (mg/L) / 1000 = 0.85 mg/L / 1000 = 0.00085 g/L 
Conc. Ba (mol/L) = Conc. Ba (g/L) / Molar Mass Ba (g/mol) = 0.00085 g/L / 137.33 g/mol = 6.19 x 
10-6 mol/L 
Assuming the density of water to be 1 kg/L. Then molarity of all constituents (mol/L) = molality of all 
constituents (mol/kg). (NOTE: Temperature was assumed to be 25 °C) 
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D) Simulate lime addition  
This was done by entering the water qualities in to RO design simulator and adjusting the pH to 10 
(GE Winflows). This would give a more accurate reading of constituents present within the FBPR 
chamber. More specifically, the CO32- concentration. (NOTE: Temperature was assumed to be 25 °C). 
E) Identify sparingly soluble salts.  
This was done by sourcing Ksps for those salts that could possibly form given the water quality. As 
defined in the literature review, sparingly soluble salt in this instance will be defined as the solubility 
being less than 3.3g/100ml of water. It was important to rank each salt in terms of least soluble to the 
most soluble so that an accurate precipitation simulation could be made. 
F) Simulate salt precipitation for each sparingly soluble salt.  
Starting from the least soluble salt and begin eliminating constituents by stoichiometric quantities. 
(NOTE: One ion species will always be limiting). Once this process has been done for all sparingly 
soluble salts  
For example, in Wiluna BaSO4 was the 3rd most insoluble salt. 
[Ba2+] = 0.85 mg/L = 6.19 x 10-6 mol/L, [SO42-] = 4242.5 mg/L = 0.044 mol/L 
1 mol of Ba will precipitate with 1 mol of SO4 
Ba is limiting, and so 6.19 x 10-6 mol of Ba will react with 6.19 x 10-6 mol of SO4 
Leaving 0.044 – 6.19 x 10-6 mol/L SO4 remaining  
(Note: This exercise did not involve salts containing magnesium. It was assumed all magnesium had 
left the system in the form of Mg (OH)2 due to lime addition. The solubility of Mg (OH)2 is 5.61 x 10-
12 which is more insoluble than any precipitating salt present at each site). 
G) Simulate Silica scale removal. 
This simulation was done using the removal that occurred at the Qasim trial after lime addition as a 
base (60%).  
 
Silica Remaining after FBPR 
mg
L
 40% ∗  Silica Concentration 
mg
L




H) Calculate final osmotic pressure.  
This would be done using Equation 3.2 but this time using sum of the final molality of all 
constituents.  
Osmotic pressure reduction could then be calculated using Equation 3.4 
 
Osmotic Potential Reduction %
   
   
 ∗  100    3.4       
I) Find the final TDS. 
 
Return each remaining constituent to mg/L by multiplying it by its molar mass. 
Summing all the remaining constituents would give the final TDS in mg/L. The precipitation removal 
achieved by the FBPR was achieved using Equation 3.5. 
 
Precipitate removed by FBPR 
mg
L
  Initial TDS 
mg
L
 –  Final TDS 
mg
L
    3.5  
J) Determining the RO system each site would use. 
This was done referring to Table 3.1 in section 3.2.3.3. 
Using the recovery range for each relevant RO selection Equation 3.6 was used to calculate the daily 
concentrated brine production rate for each site.  
 




 1 –  Recovery Factor  ∗ Daily Brine Site Production rate 
m
day
  3.6  
Using this recovery range permeate production rate could also be calculated for each site using 








 Recovery Factor ∗ Daily Brine Site Production rate 
m
day
     3.7  
To provide for better analysis permeate production was calculated for a year using Equation 3.8. 




 Daily Permeate Production Rate 
m
day
 x 365 days    3.8  
 
 
3.3.2 Sizing the Options  
 Daily brine production rates at each site and brine volume reduction values were used to most 
appropriately size two options. One option would take in to account the for a FBPR-RO system fed by 
daily brine production of each site water treatment plant and a smaller evaporation pond that would be 
fed with a reduced brine volume. This option represents a likely set up of a facility if FBPR-RO was 
to be introduced to site. The other option would size a large evaporation pond which would be fed 
directly by the brine production from each plant. This option represents current practices. Sizing both 
options is essential for cost estimation. 
 
 
3.3.2.1 FBPR-RO Sizing 
The FBPR-RO system at each site would have to be sized to handle the site brine production rate 
(m3/day) at each site. For example, a 34.6 m^3/day site brine production rate would mean a 34.6 
m3/day FBPR-RO system would be used. 
 
3.3.2.2 Pond Sizing  
 
Please refer to section 2.3.2.2. Use of Equation 3.9 as a replacement for Equation 2.10. Use Equation 
3.10 as a replacement for Equation 2.11. 
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Pond Size WITHOUT FBPRRO m2  
Daily Brine Production rate
m3
day
Annual Mean Net Daily Evaporation Rate mday
     3.9  
Pond Size WITH FBPRRO m2
 
Daily WAIV Concentrated Brine Production Rate
m
day
Annual Mean net Daily Evaporation rate mday  





3.3.3 Cost Estimation 
 
Two costs for each location had to be made for two options. The original large evaporation pond cost 
and the cost of the WAIV unit and its small evaporation pond. All WAIV and evaporation pond sizes 
were given to cost estimators. It was important that costs took not only in to account the base cost of 
the WAIV units and ponds but had prices for other items that would come with implementation. 
Information received from the estimators showed that costs for evaporation ponds were based on: 
- Earthworks (excavation etc.) 
- Liner (HDPE liner and protection) 
- Siteworks (Roads and Fences etc.) 
- Pipe work (Plant to pond) 
Cost for the FBPR-RO were based on: 
- A RO system unit that could handle up to 43 (m^3/day) of brine production rate 
- An FBPR system that could handle up to a 30 (m^3 batch/day) 
- Instrumentation and SCADA (flow rate transmitters etc.) 
- Electrical Installation (Power box) 
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- Additional pipework and pumping (FBPR to RO and RO to FBPR) 
- Earthworks 
(NOTE: Sites where site brine production rates exceeded the daily handling capacities of the RO or 
the FBPR would mean the introduction of a second identical system. For example, Wiluna’s brine 
production rate of 34.6 m3/day would mean two identical FBPR systems would need to be used with a 
new capacity of 60 m3/day.) 
Once base costs were established for each option, they were turned in to a cost summary. The cost 
summary of the ponds took in to account base cost, preliminaries, location allowance and contingency 






Wiluna   35%  65%  20%  Cost Summary 
= 2.592 x Base 
Cost 
Laverton  35%  65%  20%  Cost Summary 
= 2.592 x Base 
Cost 




Due to work carried out by a separate cost estimator the cost summary of the FBPR-RO system took 
in to account materials/labour (40%), preliminaries (20%), no direct costs (25%) and contingencies 
(35%). These were used across all sites. 
(Note: Constant in relationship is a product of preliminaries, location allowance and contingency. For 
example, in Wiluna 1.35*1.65*1.2 = 2.592) 
As a result, the relationship between Cost Summary and base cost was  




3.3.4 Feasible Site Model 
All the data thus far was used to gather the feasibility of FBPR-RO in actual site locations. Further 
work was done to find a location with the most favourable site characteristics and introduction 
parameters occurred. A model was created to explore a feasibility point or where the cost of FBPR 
would be less that than of a large evaporation pond.  
The FBPR-RO system performance was dependant on the removal of salts which would in turn allow 
RO use and a reduction in osmotic pressure and TDS for high recovery systems. The feasibility is a 
measure of how much brine can be reduced and as a result how much pond size reduction can occur. 
If the FBPR-RO costs were smaller than the savings from pond reduction, then the technology is 
feasible. The model would have to incorporate all this information. 
The model had the input scenario variables: 
- RO Recovery Factor = ROR 
- Site Brine Production Rate = SBPR (m3/day) 
- Cost of 1 FBPR system = FBSC ($) 
And the output variables: 
- FBPR-RO and Small Pond Cost Summary = FBCS ($)  
- Large Pond Cost Summary = LPCS ($) 
-  Permeate Production Rate = PPR (m3/day) 
 
3.3.4.1 Model Development 
 
Along with inputs and outputs the model would also incorporate the following dependant variables: 
- Large Pond Base Cost = LPBC ($) 
- FBPR-RO Cost Summary = FBCS ($) 
- FBPR-RO System Base Cost = FRBC ($) 
- Small Pond Cost Summary = SPCS ($) 
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- Total cost of all FBPR Systems = TCFS ($) 
- Number of RO Systems Required = NRO 
- Number of FBPR Systems Required = NFBR 
- Large Pond Size = LPS (m2) 
- Small Pond Size = SPS (m2) 
- Concentrated Brine Production Rate = CPBR (m3/day) 
Linking all inputs, dependant variables and outputs with equations were don through the following 
steps: 
1) All ponds used the same preliminaries, location allowance and contingencies at Wiluna and 
Laverton to calculate cost summaries (35%, 65%, 20%). 
LCS = 1.35*1.65*1.2*LBC = 2.592*LBC 
SPCS = 1.35*1.65*1.2*SPCS = 2.592*SPBC 
2) All FBPR-RO systems used the original materials/labour, preliminaries, non-direct costs and 
contingencies to calculate cost summaries. (40%, 20%, 25%, 35%) 
FBCS = 1.4*1.2*1.25*1.35*FRBC = 2.835*FRBC 
The FBPR-RO and Small Pond Cost summary could be calculated as a sum, 
FRCS = FBCS + SPBC 
3) Many pond sizes and their base cost values were known (came from the cost estimators). 
Therefore, a function of pond size and pond base cost was derived. Refer to Figure 2.4. 
LPBC = LPS*58.3 + 60525 
SPBC = SPS*58.3 + 60525 
4) FBPR-RO unit extras came to a value of $37,484 (flow meters etc.). The cost of the 30 
m3/day max FBPR system was $125,6000. The configuration to feed the FBPR came to 
$101,368. The cost of the 43 m3/day max RO system came to $58,750. Earth works of an 
FBPR and RO system came to $5,000 each. 
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TCFS = FBSC*NFBR 
Or FRBC = TCFS + NRO*63,750 + $37,484 
5) Number of required RO systems and required FBPR systems was a result of site brine 
production rate. As a result, these were entered manually when the model was used in 









6) All pond sizes are a result of the brine production rates and the Net Annual Mean Daily 
Evaporation Rate (as mentioned, climate factors were averaged for all three locations and so 
the value of this was a result of this). The value was 0.00429 m/s. 
LPS = SBPR/0.00429 
SPS = CBPR/0.00429 
7) FBPR-RO concentrated brine production rate and permeate production rate was a 
consequence of recovery and site brine production rate. 
CBPR = (1-Recovery Factor) *SBPR 
PPR = Recovery Factor*SBPR 
 
3.3.4.2 Using the Model 
The purpose of the model was to enter the three inputs (ROR, FBSC and SBPR) and find the point 







The reason for using FBSC instead of the RO system was due to the fact the FBPR systems had a 
much higher cost and being able to manipulate this value would more like lead to LPCS = FRCS. 
An assumption was made that feasible locations will only use BWRO’s. This was due to water 
qualities having a high TDS and a high level of scaling salts benefiting the most from the system 
while still capable of a high recovery. Therefore, only input recovery factors of 0.6, 0,7 and 0.8 were 
entered in to the model. 
Four different brine production rate values were tested (30, 60, 90 m3/day). These were the chosen 
values as they represented the maximum brine values the FBPR-RO system could handle before an 
additional FBPR system was needed. 
1) First recovery factor was input in to the model.  
2) Next brine production rate was entered  
3) The FBPR value remained at original cost ($233,968). 
4) Once these three inputs were put in one of two things could occur.  
If LPCS < FRCS then FBSC would be reduced until LPCS = FRSC. The value of FBSC would be the 
critical maximum cost of FBPR systems if implementation was to be feasible. 
If LPCS > FRCS then SBPR would be reduced until LPCS = FRSC. The value of SBPR at which this 
would occur would indicate the critical minimum brine production rate. 
5) Permeate Production Rate (SPR) was also recorded as the significance of this value would 
add to feasibility. 
 
 3.4 Results and Analysis 
3.4.1 FBPR-RO Performance 











These would now all be salts that would not have any potential to scale on RO membranes and assign 
a low fouling characteristic to all site water qualities. The quantifiable effects of the FBPR model 


















Wiluna  13041  8775  4266  24.6  35.5  12.72 
Yalgoo   9839  799  1839  13.5  33.6  12.04 
Laverto
n  1174  699  475  8.7  11.6  4.17 
 
All sites experienced TDS removal as all water qualities contained levels of sparingly soluble. 
However, Wiluna precipitated out the most problem scale and benefited the most from the FBPR 
simulation. As expected, this also meant that Wiluna achieved the greatest reduction in osmotic 
pressure as osmotic is directly proportional to the concentration of constituents in water. After the 
FBPR process all waters contain a silica saturation potential that should not trouble RO membranes. 
The final TDS of each water quality after the FBPR reactor simulation determined what RO system 
would be part of the FBPR-RO system at each site and the typical recoveries to be expected. This is 
displayed in Table 3.7. 
 
Table 3.7. RO Technology use at each site 
Site  Final TDS (mg/L)  RO Technology use  Recovery Range 
Wiluna  8775  BWRO  60 ‐ 80% 
Yalgoo  7999  BWRO  60 ‐ 80% 
Laverton  699  Standard RO  90% 
 
 
The FBPR simulation benefited the site waters of Wiluna and Yalgoo as both were able to drop TDS 
thresholds. The use of BWRO was now available to Wiluna and the use of standard RO was now 
available in Laverton. Yalgoo remained at a BWRO TDS threshold throughout the process. The 


























Wiluna  34.6  20.7  24.2  27.6  N/A  7581.  8845.  10109.  n/a 
Yalgoo  8.3  5.0  5.8  6.6  N/A  1826.  21307  2435  n/a 
Laverton   16.26  N/A  N/A  N/A  14.634  n/a  n/a  n/a  5341.41 
 
Wiluna had the most brine reduction volume and permeate production even though Laverton had the 
high recovery capability. This indicated that performance of an FBPR-RO system is more reliant on 
sit brine production rates rather than RO recoveries.  
 
3.4.2 Sizing the Options 
Due to a storage feed tank being incorporated in the design the FBPR-RO system size was a direct 















































16.3  90  1.63  4.01  406  1.2  500  4000 
89 
Wiluna/Large  34.6  n/a  N/A  4.75  7281  1.3  8000  N/A 
N/A 
Wiluna/FBPR‐RO  34.6  60  13.84  4.75  2913  1.2  3000  5000 
63 
Wiluna/FBPR‐RO  34.6  70  10.38  4.75  2185  1.2  2500  5500 
69 
Wiluna/FBPR‐RO  34.6  80  6.92  4.75  1456  1.2  1500  6500 
81 
Yalgoo/Large  8.3  n/a  N/A  4.1  2037  1.2  2500  N/A 
N/A 
Yalgoo/FBPR‐RO  8.3  60  3.32  4.1  809  1.2  1000  1500 
60 
Yalgoo/FBPR‐RO  8.3  70  2.49  4.1  607  1.2  800  1700 
70 





As expected, the largest pond size reduction occurred at the site with the largest brine production 
flows (Wiluna) and use of the highest recovery possible recovery (80%). Pond reduction was 
significant at all sites because pond size reduction was a direct result of recovery. For example, a 90% 
recovery RO use in Laverton resulted with a 90% reduction in pond size. 
 
3.4.3 Cost Estimation 
The sizing of ponds and FBPR-RO systems were sent to the cost estimators and figures shown in 
































































































The estimators were able to estimate costs for one FBPR able to process 30 m3/day and one RO 
system able to process 43 m3/day. Using the number needed at each site (along with extras) 
determined the base costs of the FBPR-RO component in the cost summary.  
Estimation cost sheets received indicated that cost summaries for the FBPR-RO components in the 
options were determined by adding an extra 40% for materials/labour, 20% for contractor 
preliminaries, 25% for non-direct costs and an additional 20% for contingencies. 
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The same sheets indicated that cost summaries for ponds were calculated by adding an additional 35% 
for preliminaries, a location allowance (50% for Yalgoo and 65% for Wiluna and Laverton), and 20% 





Figure 3.1 showed that the FBPR-RO and small pond configuration had a much higher cost compared 
to a large evaporation pond across all sites. The cost summaries for the FBPR-RO-options were 
reduced as recovery’s increased due to small ponds decreasing in size. However, the cost reductions 
were insignificant in comparison to the cost gap between large pond and FBPR-RO options. 
3.4.4 The Feasibility Model  
Several scenarios for feasible location were run through the feasible location model and their 





























































60%  30  18  6,570  1,213,619  1,529,873  No  122,000  N/A 
60%  60  36  13,140  2,270,357  2,796,599  No  141,100  N/A 
60%  90  54  19,710  3,327,096  4,063,325  No  147,000  N/A 
70%  30  21  7,665  1,213,619  1,424,200  No  159,000  N/A 
70%  60  42  15,330  2,270,357  2,585,252  No  178,000  N/A 
70%  90  63  22,995  3,327,096  3,746,304  No  184,000  N/A 
80%  30  24  8,760  1,213,619  1,318,526  No  196,000  N/A 
80%  60  48  17,520  2,270,357  2,373,904  No  215,000  N/A 
80%  90  72  26,280  3,327,096  3,429,282  No  221,000  N/A 
 
The model proved that the largest factor inhibiting the feasibility of FBPR-RO systems was the cost 
of the FBPR component. No realistic increase in demand (less than 90 m3 brine/day) would allow for 
feasible circumstances in terms of cost. In other words, the site brine production would have to be 
extremely high if the FBPR component was to remain at its existing cost ($233,968). Increasing 
recovery factor (%) and the site brine production (m3/day) increased the feasibility of the system by 
both increasing the extra volume of potable water per annum and the maximum permittable cost of 






The process of determining the feasibility of using FBPR-RO in the selected sites found that FBPR 
process as a form of pre-treatment proved to be beneficial to regional brine water qualities in Wiluna 
and Yalgoo. This was to be expected as it was known that these waters characteristically contain high 
levels of insoluble salts. Furthermore, being able to use a RO system at high recoveries and no scaling 
was always going to produce good brine reduction values. However, even with all these good 
indications no locations proved feasible in terms of cost. The feasibility model found that there is a 
point at which brine flows would be large enough that FBPR-RO’s become feasible however, these 
values were unrealistic for regional water treatment plants. Unfortunately, low populations mean for 
low demand which ultimately lead to small brine production flows which severely limits the potential 
of this technology.  
The feasibility model also found that costs associated with the FBPR-RO were reduced, and more in 
particularly, the FBPR component could lead to the feasibility of this technology. For instance, an 
FBPR-RO system with a 70% recovery factor and a daily site brine production rate of 30 m3/day 
seems somewhat realistic of a regional desalination plant but this would require an FBPR system cost 
reduction of approximately $75,000.   
So, there is work to be done to find a way to mitigate this cost. What seems the most promising 
approach would be to assign a value to the extra permeate that will be able to be achieved. To put this 
in to perspective the Water Corporation recorded that in 2015-16 the average person used 127,000 L 
of water per year (The Water Corporation 2018). If a 70% recovery is used in Wiluna an extra 8845 kl 
of potable water will be recovered per year which will be equivalent to the water use of 70 people. 







Chapter 4: Conclusion 
The project set out to answer whether it would be feasible to enhance evaporation ponds with 
alternative technologies at regional desalination plants in Western Australia. These technologies were 
Wind Assisted Intensified Vaporization and a Fluidized Bed Pellet Reactor complimenting a 
secondary reverse osmosis system. To do so feasibility studies were conducted to see whether it 
would be beneficial to introduce these technologies to three regional sites; Wiluna, Yalgoo and 
Laverton. Access to in-depth data on these three sites was made possible with the aid of the Water 
Corporation. Similarly, the Water Corporation would benefit the most from this study as it would give 
insight for new possible technologies to use at their regional water treatment plants.  
Using theoretical modelling and cost estimation delivered from Water Corporation employees it was 
found both technologies were not a feasible in terms of cost for the replacement for evaporation 
ponds. The costs associated were simply too high and the scales of these regional plants were too 
small to get the most value out of these technologies. It can be argued that other benefits such as 
increased potable water supply that the FBRO-RO system provides or the land reduction that WAIV 
production may close the gap between them and evaporation ponds. However, it seems that the cost is 
far too large to mitigate at current sites under current circumstances. Therefore, the study went on to 
explore what would happen if circumstances changed. These circumstances included changes in water 
quality, increases in desalination plant sizes and reduction in system costs. Further modelling revealed 
that there are scenarios where these technologies would become feasible in terms of cost but even 
then, a strong case would have to be made to overcome the regional context appropriateness of 
evaporation ponds. Furthermore, there may more benefits and limitations that have not been 
discovered through the literature that may limit or aid feasibility. 
Both feasibilities studies were a success as they answered whether both technologies were feasible or 
not. It is with hope that this project will be useful tool to the Water Corporation in terms of providing 
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